Abstract-The neutral beams for the reference mirror reactor are provided via four separate injectors using negative ions created by charge exchange in a cesium-vapor cell and neutralized by photodetachment. Each of the injectors delivers the equivalent of 1800 A of the desired mixture of 150-keV deuterium and tritium neutrals. Each injector consists of 23 ion sources of a modified Lawrence Berkeley Laboratory/Lawrence Livermore Laboratory type, with an associated cesium-vapor cell that converts 20 percent of the positive-ion output into negative ions D-and T-. The negative ions are accelerated to the desired energy and subsequently pass through a photodetachment cell that is continuously illuminated by eight columns of iteratively pulsed lasers. As much as 95 percent of the negative ions are stripped, producing fast neutrals that pass between the cryopumps and shielding into the reactor. Innovations required to attain an overall efficiency of 81.2 percent include a continuously operating cathode for the ion source, a negative-ion beam line with cooled gids, a high-voltage accelerator with insulators shielded from the neutron and gamma flux, cryopanels that cycle between pumping and outgassing modes, and recovery of the waste thermal energy and charged beam energy.
I. INTRODUCTION
BECAUSE neutral beams have performed successfully in tokamak and mirror experiments, future experimental power reactor (EPR) and fusion engineering research facility (FERF) machines will probably require large, continuously operating injectors. These machines will have very large beam lines to handle the equivalent of thousands of amperes of neutral deuterium and possibly tritium at hundreds of thousands of electron volts. Because of the size of the beam lines, any reactor design will be especially sensitive to injector cost and operating efficiency. Approximately [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] percent of the capital cost of such a reactor is spent for neutral-beam equipment. Injector efficiency depends upon losses encountered in conditioning and recirculating power. Therefore, machines designed and built in the future must be evaluated in terms of the potential performance of the neutral-beam sources.
At the Lawrence Livermore and Lawrence Berkeley Laboratories (LLL and LBL), we have made a conceptual design of an injection system that fulfills the requirements of the reference mirror reactor. The injection system uses negative ions that are created by double charge exchange, accelerated to 150 keV, and then stripped by photodetachment to produce the equivalent of 1800 A of deuterium and tritium neutral atoms. As reported elsewhere [1] , we investigated and compared the performance of several alternative systems based on positiveion sources, on direct extraction of negative ions from a magnetron, and on stripping in a cesium-vapor cell rather than in a photodetachment cell. We selected the best alternative for presentation in this publication. Some of our innovations include: 1) a continuously operating cathode for a LBL/LLL ion source, 2) a negative-ion beam line with cooled grids, 3) a high-voltage accelerator configuration with insulators shielded from the neutron and gamma flux, 4) cryopanels that continuously cycle between pumping and outgassing modes. Despite the method used in the future to generate neutrals, the overall system efficiency will be high because every usable bit of energy will be employed. Plant capacity and thermal efficiency will not matter, because all forms of recovered energy will be power sources limited only by the required capital expenditure. Furthermore, it will not be necessary to use waste heat only to generate electricity; it will have many energy applications in our energy-starved society.
However, positive-ion sources of very-high-energy neutral beams (greater than 150 kV) may not be practical because of the low output of neutrals per invested dollar. Proposed methods to increase output require equipment that is too large to be practical. Consequently, we must consider other methods of forming high-energy neutrals such as photodetachment. In addition, we consider certain heat losses to be sources of power that will be used to directly heat the mercury in the diffusion pumps as well as provide an auxiliary source of power. The heat losses include power dissipated at the grids, the ion source heat loss, and even the optical loss to the reflectors in the photodetachment cell. The ability of positive-ion sources to produce high-energy neutral beams is limited by poor neutralization efficiency at energies above 100 keV [2] . Negative-ion sources are attractive because negative ions are neutralized by electron detachment, using less beam energy (Fig. 1) . If negative ions can be produced efficiently, they will provide an effective source of highenergy neutrals. Several different methods of forming negative ions are currently being investigated. Double charge exchange has advanced sufficiently to permit an engineering model for a reactor.
U.S. Government work not protected by U.S. copyright reactor. Overall system efficiency is 81.2 percent, which includes energy recovered from that fraction of the negativeion beam that is not neutralized and electrical power recovered from thermal energy that has been dissipated along the beam line.
A. Ion Source
A large, narrow beam is necessary for maximum exposure of the negative ions during photodetachment. Because the LBL/LLL [3] , [4] ion source can be scaled to provide such a beam, we have used a modified version in this injector. The modifications include a cathode designed for long life, shielded insulators for operation in high neutron flux, and electrodes maintained at approximately 500 K by liquid-metal coolants.
The ion source we are considering has an extraction current density of 0.5 A-cm2 and delivers a deuterium or tritium ion current (I+ = 420 A) through a grid of 50-percent transparency (Fig. 3) .
B. Power Need
In the source, the plasma is generated by a total arc power PA of 810 kW distributed over two parallel discharges of 9000 A at 45 V, on the full length of each side of the source. In each discharge, the electrons originate from a hollow cathode that consists of two impregnated tungsten emitters mounted face to face (Fig. 4) 
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Studies of three types of ion sources [1] have shown that in the energy range above 110 keV, the power need per watt of neutral beam is lower using double charge exchange than by using either positive or negative ions from a magnetron.
C. Discharge
The LBL/LLL ion source used an arc of 300 A at 45 V to deliver 70 A of deuterium ions at an emitted current density of 0.5 A-cm-2. Because the modified source must support six times more current at the same current density, it requires six times more arc power for a total of 810 kW, i.e., 18 000 A at 45 V.
The ion source is divided into two chambers (Fig. 4) . One chamber contains the main discharge with the anode and the extraction grids, and the other holds the gas inlet and the cathode assemblies. A slotted wall separates the chambers and allows electrons to be drawn into the main discharge. The electrons are accelerated by a plasma sheath at the slots, and they are aimed to form a uniform plasma density in the plane of the extraction grids. The slots restrict the flow of gas between the two chambers. Because there is a pressure drop across the slots that separates the chambers, the pressure around the cathode is higher than in the main discharge.
The absence of very hot elements, such as the tungsten emitters in the LBL/LLL ion source, may cause a change in the molecular composition of the emitted ion beam. We assume the output of this source will be approximately 40-percent D', 50-percent D' ,and 10-percent D .
D. Arc Chamber
The selection of materials is a major design problem for an operating reactor [5] . Because all the components are directly exposed to radiation from the reactor, they must operate in a very high flux of neutrons and gammas.
The ion sources mounted on the far end of the injector are less severely exposed than the blanket by several orders of magnitude. However, over a six-month period the neutron fluence at the grids has been estimated to be as great as 1018 neutrons/cm2. When the grids are at high voltage, blistering and flaking can be catastrophic. To inhibit this, the exposed electrodes will be maintained above 500 K. Unfortunately, organic material cannot withstand this environment, and We can get some idea of the significance of the gas flow through these gaps by considering the total flow through the source. The low-temperature gas flow into the ion source, equivalent to the gas going into the ion beam, is QB = (0. 9)(m1/2 + r 2 + 3q73/2) I'torr S-1s . (4) With gas efficiency tG of 30 percent, the total gas flow into the source is QSr(QB/G)=226torr*I sls (5) from which the difference QP = (QS -QB) = 158 torr -1 * S-1 (6) must be pumped through the extraction grids. The additional flow through the space between electrodes is trivial.
E. Filament Chamber
The low-temperature neutral gas in the ion source comes through the filament chamber because the pressure in the filament chamber is higher than that in the discharge chamber. With two slots 210 cm long by 1 cm wide, the total conductance for deuterium at 800 K is C=2.6X 104 S-1.
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Ion sou rce Cesium Photodetachment Energy-recovery cell cell unit (7) At a total flow Qs = 226 torr l s-, the pressure drop is 1.05 X 10-2 torr. Hence, 1.5 X 10-2 torr in the discharge chamber will result in 2.5 X 10-2 torr in the filament chamber.
Higher pressure around the emitters is desirable because it permits a lower plasma potential to sustain the desired electron current. This in turn minimizes the back ion bombardment and sputtering of the emitter and increases the operating life of the cathode. Grid performance is summarized in Table I . From the total power requirement of all the grids, the power need of extraction, acceleration, and energy recovery per watt of beam power of ±1.5°, which can probably be attained for a 1 .75-keV beam and is certain at a higher energy.
To reduce the requirement for low-energy beam optics, it may be necessary to raise the energy to between 5 and 10 keV as well as to use sodium vapor instead of cesium vapor [61 .
However, this increases the low-energy-acceleration power requirement and reduces the efficiency of double charge exchange from 20 to about 10 percent.
Grid 1 does not draw power but floats with respect to the extraction circuit. It assumes a potential relative to the ion source plasma that causes it to collect a net zero current of ions plus electrons. Although the energy of the particles collected from the plasma is small, the grid is bombarded by electrons formed by ionization of the background gas in the space between grids 1 and 2 and by secondary electrons originating from ion bombardment of grid 2. Because the secondary electrons arrive at grid 1 with an energy equivalent to the full potential of grids 1 and 2, they are the major source of grid 1 dissipation.
To extract 0.5 A cm2 of ions from the source with reasonable interelectrode spacing X12, grid 2 is biased at -11 .75 kV with respect to grid 1. From Child's law we estimate this spacing to be 0.28 cm. The ions that strike grid 2 and form the secondary electrons originate in the space between grids 1 and 2. They are caused by ionization and charge exchange of the background gas with the primary beam. These ions, with an energy range from 0 to the full grid 2 potential, have an average secondary electron . i i Flo= nbUlOXl2 (9) in which x12 is the grid spacing, alo is the average chargeexchange cross section (8 X 10-16 cm2 per D2 molecule), and nb is the background gas density.
Using estimates of grid conductance and gas flow from the source, we calculate the gas density in this region to be 6.5 X 1013 molecules-cm-3. Hence Flo is 0.015, and a current of electrons equal to 1.5 percent of the beam current I' bombards grid 1 with an energy of 11.75 keV.
Grid 2 is bombarded with ions formed in the space between grids 2 and 3 and with those originating between grids 1 and 2. Because grids 2 and 3 are spaced the same as grids 1 and 2 and because the gas pressure and density are only slightly lower, the ion current originating in this region will also be approximately 1.5 percent of the beam current. Therefore, grid 2 collects a total ion current equal to 0.03 I' at an ion energy equal to half of the grid potential, i.e., 5900 eV. In addition, grid 2 emits 0.03 I' A of electrons.
Grid 3 is maintained at 500 V positive with respect to the double charge-exchange cell to prevent positive ions from leaving the cesium cell and bombarding grid 2 at 10 keV. The possibility of space-charge blowup in the presence of this grid makes ion extraction geometry critical, but grid 3 is needed to prevent grid 2 sputtering that would limit the operating life of the system. At this bias, grid 3 draws from the cesium cell a current of electrons of the same magnitude as the primary beam. This grid is also bombarded by secondary electrons from grid 2, caused by the ions from the space between grids 2 and 3. This creates a current equal to 1.5 percent of the beam current that arrives with an energy of 10.5 keV.
B. Cesium Charge-Exchange Cell
After passing through the extraction grids, some of the positive ions are neutralized by charge exchange with the background gas. They travel with ions and, when they enter the cesium vapor, take part in subsequent interactions. where u0g-1 and u-l0 are the respective cross sections for changing neutrals into negative ions and negative ions into neutrals.
Solutions of these differential equations [7] The thickness of cesium vapor required for 90-percent dissociation of D2 has been experimentally measured between 0.5 to 1.0 X 1016 atoms/cm2, using D+ at 3-23 keV [8] . Including all modes of dissociation and charge-changing collisions, the vapor-cell thickness necessary to achieve equilibrium yield with a D' primary beam.
Grids 4 and 5 are on opposite sides of the cesium cell (Fig.   6 ). To convert a fraction r-of the extracted ion beam from positive to negative, we must provide an electron current Ground potential shield- Fig. 8 . Details of the ion source, cesium cell, and acceleration grids.
equal to 2n-I+. We also need an electron current (1 -77-)I+ to neutralize the rest of the positive-ion beam. Details of the cesium cell are shown in Fig. 8 . The cesium vapor escapes through a slit in the vapor column, to be skimmed off by a supersonic nozzle. On the opposite side of the ion beam, the cesium is condensed and collected as a liquid to be vaporized and recirculated through the system. The cesium passes through a supersonic nozzle of height h = 210 cm (equal to the width of the ion beam) and thickness d. The vapor at a density n travels at a velocity V = ( Mc ) = 2.67 X 104 cm s-i (13) corresponding to a temperature of 450 K.
To obtain ri-= 20 percent, the vapor-cell thickness must be rr = nd = 2 X 1015 atomscm2.
Hence the atomic flow through the nozzle is QC = irvh = 11.2 X 1021 atoms s-1 (15) (16) To evaluate this, we must estimate the grid spacing X67. Although the beam originates positive ions extracted with a current density of 0.5 A cm-2 and is drawn through a grid system of 50-percent transparency, only 20 percent becomes negative. Therefore, the negative-ion beam density is roughly 0.05 A cm-2. From Child's law, the grid spacing required to attain an energy of 150 keV is X67 = 6.8 cm.
Thus we calculate F-10 to be 0.01. Grid 7 collects 0.01 n_ I' A of electrons with an average energy of 0.5 e V0, where e V0 is the ultimate beam energy. The neutrals formed in the cesium double charge-exchange cell are collected on a beam dump at ground potential. They comprise an equivalent current of (1 -in.) )I A and an average energy of 1.75 keV. Meanwhile, the photodetachment cell at ground potential collects the electrons stripped from the high-energy beam, approximately nNlI A. However, the electron energy is small, equal to that of the ions multiplied by the ratio of the electron-to-ion mass. The beam dump and the photodetachment cell are shown as part of grid 8 in Table I and Fig. 7 .
D. Energy Recovery
Grids 9-11 recover the energy of the residual, charged negative-ion beam [9] . The negative-ion beam current collected at negative high voltage by electrode 11 is fed back to the ion source to supplement the high-voltage power supply. Grids 9 and 10 suppress the secondary particles that would otherwise reduce the energy recovery efficiency.
Grid 9 acts as a potential screen around grids 10 and 11, shielding the cryopanels that separate the individual beam lines from the high voltage. The grid structure is maintained at +1 kV with respect to ground to prevent any stray positive ions from bombarding grid 10. This grid may draw an electron current that is one-half the current in the negative-ion beam (0.5 ruI+).
Meanwhile, grid 10 is mounted inside grid 9. The spacing between grids, less than the Paschen minimum, is designed to hold off the full high-voltage V0. At the same potential as the cesium cell, this grid slows down the negative ions that remain in the beam, causing them to be collected by grid 11. Because the background gas density in this region is low, we assume that the grid 10 current will be negligible. Grid 
for a deuterium beam, we find GL = (5.8 X l03) VW2 log (-Nl) W cm-' (26) in which 'ND represents the fraction of neutral deuterium in the beam. Because of the difference in velocity, the neutralized fraction of a tritium beam with the same energy, when exposed to the same photon flux, is
In the cavity, the optical losses occur predominantly at the mirrors because of low ion beam and background gas densities. Therefore, we can assume that with a mirror of reflectivity R, N effective reflections will occur before the light beam intensity has decreased by a factor of Ile. (27) where 7rNT iS the fraction of neutral tritium in the beam.
Thus a photodetachment cell that is 95-percent effective with deuterium ions will strip 97 percent of a negative tritiumion beam of equal energy.
A. Optical Cavity
To enhance the effectiveness of the photodetachment process, we want to expose the ion beam to light in a suitably designed optical cavity (Fig. 9) . The [11 ] deliver a peak 52 W of light at a 4-percent duty cycle from an emitter 0.08 X 0.64 cm2. The emitter has 15 laser chips mounted in series along the 0.64-cm dimension and requires 6-A forward current at a typical 31-V drop. This corresponds to 28-percent efficiency and an average power dissipation of 0.1 kW cm-2 over the emitter surface.
Large divergent beam angles are a disturbing feature of solid-state lasers. The commercial laser discussed here has a typical half-angle that encloses 90 percent of the beam output of 00 = 2 1. To keep the beam within the cavity during N reflections across a separation A, the beam half-angle must be altered such that Ob NA-2(37) NA A reasonable value for Ob is 0.05°. We propose to use a sequence of cylindrical lenses [121, [13] (Fig. 10) with a length equal to the 210-cm beam width. Because the light originates at the N-P junction in the laser, the lenses will be diffraction limited and must be such that width db = XIOOb = 0.098 cm.
(38) There is adequate room for a single column of 0.043-cm-wide chips behind each lens in the laser.
A laser consisting of 15 chips (similar to those described but capable of operation at 40-percent efficiency) will deliver 75 W with the same input power. If we assume each chip occupies 0.08 X 0.098 cm, the 15 chips will require 0.08 X 1.47 cm. This corresponds to a peak output of ca = 0.64 kW cm-2 over the laser surface. This incurs a power dissipation of only 0.12 kW cm2 at a 12.5-percent duty cycle.
From the previous analysis, we find that a 150-keV deuterium-ion beam passing through an optical cavity of 99.6-percent reflectivity requires a laser output of 
Therefore, the laser column will consist of a series of 684 chips. With 6 A for every 0.08 cm of chip length, the forward current is 75 A/cm of column length. If we allow 31 V per 15 chips, there is a total drop of 1400 V across the laser column. 
C. New Laser Developments
This design has not been fully tested and will soon become obsolete because of new developments in laser physics. Following are two new developments that will affect future designs for photodetachment.
1) The radiation hardness of GaAs laser diodes can be significantly increased by expanding current density to the maximum allowable value, thereby increasing the radiation lifetime of the laser diodes to a cumulative fluence of 6.4 X 1014/cmI [14] .
2) Recent measurements [151 and calculations [161 show that the cross section for photodetachment of D-ions is improved one or two orders of magnitude by retuning the laser to a narrow Feshbach of about 11 eV, rather than the broad maximum of 1.5 eV. Although this improvement will greatly reduce the photon flux requirement, additional work is needed at this photon energy to attain the required efficiency and reflectivity.
3) A recent development is steady-state GaAs laser diodes. These will be more practical for photodetachment than the pulsed design described here.
D. Pumping Requirements
In the injector, low pressure is maintained by a system of mercury diffusion-ejector pumps and cryopanels. There are three reasons for using mercury pumps. First, when adequately baffled they can handle a large volume of gas at a relatively high manifold pressure. Second, mercury is not affected by tritium and can be readily separated from it. And finally, mercury pumps can be operated by waste heat from liquidsodium grid-cooling lines.
We assume that the cryopanels are made up of numerous segments interwoven with a network of ducts leading to the diffusion pump manifold. Each segment is individually outgassed through a valve into these ducts, while it is isolated IEE TRANSACTIONS ON PLASMA SCIENCE, VOL. PS-7, NO. 1, MARCH 1979 LN/LHe inGas evacuation ducts 7, t LHe cryopanel from the rest of the cryopanels by a system of moving shutters. In this way, the cryopanels are continuously purged (Fig. 11) .
Although the cryogenic system required to provide liquid helium for the panels and liquid nitrogen for the chevrons is large, the power required is trivial with respect to total reactor power. The mercury pumps require no power other than for starting, while the roughing pump load is negligible [17] . The pumping power need per watt of neutral beam output is less than 1 percent.
E. Mercury Pump
With the cesium-vapor jet in the double charge-exchange cell acting as a gas curtain [18] , most of the low-temperature neutral gas flowing out of the ion source is pumped from the extraction grid region, back between the sources, and through the pumping manifold behind the injector line (Fig. 8) .
The ion sources are surrounded by two perforated electrostatic shields separated by less than the Paschen minimum. They hold off the high voltage while permitting the gas to escape from the sources. An insulating pressure barrier joins adjacent sources, while it separates the ion extraction region from the acceleration region. This barrier is made of insulating material to permit individual sources to be brought up to ground in case of operational problems. Neither the insulating property nor the dimensional tolerance of the barrier is critical; hence, the barrier's exposure to the neutron flux will not cause a serious problem.
A neutral gas flow of 158 torr 1 s-1 is to be pumped from each source. If we assume a manifold pressure of 2 X 10-3 torr, this entails a pumping speed of 8 X 104 1 S-1. With a diffusion pump power requirement of 2 W I' s, 160 kW of pump power is used per source [17] . The roughing pump requirements are neglected. Negative ions enter the photodetachment cell through an aperture 10 X 210 cm2 (Fig. 8) . This conductance to the flow of gas out of the acceleration region equals CA = 3.64 (TIM)1!2 AA = 3. The pressure drop AP across the aperture is assumed to be of the order of the pressure p in the acceleration region P=1.4X 104 torr (45) while the gas flow per ion source into the stripping cell is -1 QS=4.8torr-l-s-
The negative-ion beam will have an average current density of about 0.05 A cm-2. At 150 keV, this corresponds to an ion density of 8 X 108 cm-3 in the beam. This is such a small fraction of the background gas density at -1.4 X 10-4 torr and 500 K (3 X 1012 cm 3) that a very low percentage of ionization will easily provide sufficient positive ions in the beam line to prevent space-charge blowup. Beyond the acceleration gap, the negative ions travel about 50 cm before entering the photodetachment cell through a thickness of r= bX= 1.5 X 1014 cm-2 (47) in which the fraction of charge exchange suffered by the beam is negligible. (48) Therefore, a total 5.5 torr l s-1 of gas must be pumped away. In this region, the pumping depends upon a 250-cm length of cryopanels 200 cm high on both sides of the beam. Thus, an average background pressure is attained such that P = 6 X 10-6 torr.
(49)
At a background gas temperature of 300 K, assuming that room-temperature shields cover the liquid-nitrogen chevrons, the average gas density along the cryopanel is 1.7 X 10ll cm-3. Meanwhile, the 150-keV neutrals have a chargeexchange cross section of ao1 = 1.2 X 10-16 cm2, so that over the 250-cm cryopanel length about 0.5 percent of the neutral beam is ionized. On the reactor side of the cryopanels, the pressure is down at least an order of magnitude from the average, i.e., p ; 5 X 10`7 torr. Over the remaining 1650 cm of the injector, the beam loss is only 0.3 percent.
H. Thermal Recovery
The thermal recovery system will generate electricity directly from the remainder of the heat loss of the ion sources, the power dissipated at the grids, and the optical loss to the reflectors in the photodetachment cell.
These components must be maintained at a uniform temperature for dimensional stability. Therefore, they will be heated during startup and cooled during operation by lines of liquid sodium circulating through heat exchangers. If we assume that the components operate above 500 K, approximately 25 percent of this energy loss is recoverable. However, the mercury ejector pumps and the cesium-vapor cell can be heated directly, with very high efficiency.
We must allow for electrical insulation because various components are at different potentials. For instance, the ion source and those grids at high voltage (1, 2, 3, 6, and 12) will have individual plumbing and liquid-metal pumps, although they share a common oil-filled heat exchanger in a shielded region above or below the beam line. The oil will circulate from a heat exchanger at high voltage to one at ground, heating and cooling the sodium lines. We anticipate the thermal recovery of those components at high voltage to be only 20 percent, allowing for additional thermal losses during heat transfer.
Because the cesium-vapor cell is at high voltage, it can be operated with heat from the liquid sodium that is flowing in grid 3. We estimate that less than 12 kW will be required for operation of each cell. Table III , showing all of the significant factors previously evaluated. We find that at 150 keV, with 20-percent conversion of positive ions to negative and 95-percent stripping of the negative ions, we can achieve an overall system efficiency of 81.2 percent. These results show how the system efficiency varies with tion of the power need for photodetachment. In particular, beam energy, conversion efficiency of positive to negative allowance was made for 23 ion sources whose dimension B, ions,and neutralization efficiency (Figs. 12, 13, and 14) . How-which equaled the length of the laser columns, was such that ever, some geometric constraints were included in the evalua-the ratio B/If = 0.5 cm * A-1. With this ratio, the system effi-ciency would vary as a function of the number of operating ion sources in the injector (Fig. 15) . Table IV shows a cost estimate [19] for the injector power supplies of 9.5¢/W of neutral beam. Experience with other projects that use large injector systems has shown that the total cost of the injector systems is two to three times the cost of the power supplies alone. However, the high efficiency (81 .2 percent) of this design was attained by increasing the cost of components required for efficiency and by economizing on the input power. Therefore, we estimate the total capital cost of this system to be roughly 40¢/W of neutral beam.
In Table V ,we compare the performance of the photodetachment cell with the performance of a vapor-stripping cell design. The alternative has a similar beam line but a vapor-stripping cell rather than a photodetachment cell. It costs approximately 50 percent more and has an operating efficiency about 10 percent lower than the design presented here.
VI. CONCLUSIONS
The reference mirror reactor requires four neutral-beam injectors, each delivering the equivalent of 1800 A of a mixture of deuterium and tritium beams at 150 keV. The most favorable injector design uses negative ions created by charge exchange in a cesium-vapor cell and neutralized by photodetachment. Although an adequate double charge-exchange cell is yet to be developed, it offers promise as a source of high-current negative-ion beams. Meanwhile, good performance of a photodetachment cell results from the assumed high neutralization efficiency.
